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Lorentz violation bounds on Bhabha scattering
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We investigate the effect of Lorentz-violating terms on Bhabha scattering in two distinct cases
correspondent to vectorial and axial nonminimal couplings in QED. In both cases, we find significant
modifications with respect to the usual relativistic result. Our results reveal an anisotropy of the
differential cross section which imply new constraints on the possible Lorentz violating terms.
PACS numbers: 11.30.Cp, 11.80.-m, 12.20.Ds
I. INTRODUCTION
Since the Carroll-Field-Jackiw seminal paper [1] and
after the construction of the extended Standard Model
(SME) by Colladay and Kostelecky [2, 3] (see also [4] and
references therein), the possibility of Lorentz covariance
breakdown in the context of Quantum Field Theory has
been extensively studied. The interest in this issue ap-
pears in different contexts, such as supersymmetric mod-
els [5, 6], noncommutative geometry [7], gravity and cos-
mology [8–11], high derivative models [12–14], renormal-
ization [15–18] and scattering processes [19, 20] in quan-
tum electrodynamics (QED), condensed matter systems
[21–23], and so on. Following these theoretical devel-
opments, many experimental tests on Lorentz-violating
(LV) corrections have also been carried out and several
constraints on LV parameters were established [24]. One
of the most precise experiments, the clock anisotropy,
which is a spectroscopic experiment, determines bounds
of 10−33GeV [25] when LV parameters are introduced
as in the SME [2, 3]. However, for scattering processes,
there are few studies about possible effects of LV on cross
sections aimed to determination of upper bounds on the
breaking parameters [19, 20, 26].
In the usual aproach to LV theories, the breaking term
is implemented on the kinetic sector and implies in mod-
ifications on the energy-momentum relations, the free
propagators and scattering states as have been stressed
in Refs. [19, 20]. An alternative procedure, is to modify
just the interactions part via a nonminimal coupling with
terms like ǫµναβv
νFαβ and ǫµναβγ5b
νFαβ . In Ref. [21]
this possibility was used used to evaluate the induction
of topological phases on fermion systems. Later on, its
implication on the spectrum of the hydrogen atom pro-
viding the determination of bounds on the magnitude of
the LV coefficients were reported in Ref. [22]. However,
possible effects on scattering processes in the framework
of QED by these nonminimal couplings have not been in-
vestigated. That is the main objective of this paper, i.e.
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to obtain a bound to Lorentz violation from a scattering
process involving a nonminimal coupling. Bounds ob-
tained from noncolliders experiments [22] usually depend
on the study of the hyperfine structure what is outside
of the scope of this work.
Collision experiments in high energy physics provide a
suitable environment where Lorentz symmetry breaking
can be tested. Moreover, Bhabha scattering is one of the
most fundamental reactions in QED processes and has
been extensively studied in colliders [27–29]. It is partic-
ularly important since it is used to determine the lumi-
nosity of the e+e− collisions [30, 31]. This fact motivated
us to evaluate and analise the behavior of the differen-
tial cross section for Bhabha scattering in the presence
of nonminimal couplings and to directly obtain upper
bounds on LV coefficients. As we will show, our calcu-
lations can be done similarly to those in standard QED.
We found that the breaking of Lorentz symmetry leads
to an unusual dependence of the cross section on the ori-
entation of the scattering plane in the center of mass
reference frame.
This paper is organized as follows. In Sec. II, the dif-
ferential cross section for Bhabha scattering on the pres-
ence of the vectorial nonminimal coupling is calculated.
The results obtained are analyzed and a bound to the
magnitude of the Lorentz violation is established. In Sec.
III, the axial-like nonminimal coupling is considered. In
Sec. IV, some final remarks are made.
II. BHABHA SCATTERING: VECTORIAL
NONMINIMAL COUPLING
In this section we calculate the unpolarized differential
cross section for Bhabha scattering e+e− → e+e−, in an
extended version of QED characterized by a nonminimal
covariante derivative [21, 22]:
Dµ = ∂µ + ieAµ + igv
νF ∗µν , (1)
where F ∗µν =
1
2
εµναβF
αβ is the dual electromagnetic ten-
sor with ǫ0123 = 1; e, g, vµ are the electron charge, a cou-
pling constant and a constant four vector, respectively.
2With such modification the QED Lagrangian is
L = −1
4
FµνFµν + ψ¯(iγ
µ∂µ −m)ψ − 1
2α
(∂µA
µ)2
− eψ¯γµψAµ − gvνψ¯γµψ∂αAβǫµναβ . (2)
The additional vertex is gauge invariant, but explicitly
violates Lorentz symmetry, since vµ defines a privileged
direction in the space-time. Furthermore, it is not per-
turbatively renormalizable, since their coupling constant
has mass dimension [gvµ] = −1.
As in standard QED, the Feynman rules can be read
directly from Eq.(2), telling us how to write down the
tree-level diagrams related in the process e−(p1)e
+(q1)→
e−(p2)e
+(q2). In this work we will assume the Feynman
gauge (α = 1) and the result, to lowest order, for the
S-matrix element is therefore
iMtotal = iM0 + iM1 + iM2, (3)
where iM0 is just the matrix element in conventional
QED:
iM0 = ie2
[
u(p2)γ
αu(p1)v(q1)γαv(q2)
(p1 − p2)2
−u(p2)γ
αv(q2)v(q1)γαu(p1)
(p1 + q1)2
]
. (4)
The matrix element iM1 is linear in (gvµ) being formed
by an usual vertex and another with the Lorentz-
violating term:
iM1 = 2egvνǫµνσρ
[
(p1 − p2)σu(p2)γρu(p1)v(q1)γµv(q2)
(p1 − p2)2
+
(p1 + q1)
σu(p2)γ
ρv(q2)v(q1)γ
µu(p1)
(p1 + q1)2
]
. (5)
Finally, iM2 is quadratic in (gvµ) as it results purely
from the Lorentz-violating vertex:
iM2 = ig2vγvδgκλǫǫδτλǫωγσκ[
(p1 − p2)σ(p1 − p2)τu(p2)γωu(p1)v(q1)γǫv(q2)
(p1 − p2)2
− (p1 + q1)
σ(p1 + q1)
τu(p2)γ
ǫv(q2)v(q1)γ
ωu(p1)
(p1 + q1)2
]
.
(6)
To evaluate the cross section, we now compute∣∣iMtotal
∣∣2, taking an average over the spin of the incom-
ing particles and summing over the outgoing particles.
This can be accomplished using the completeness rela-
tions:
∑
us(p)us(p) = /p+m and
∑
vr(p)vr(p) = /p−m,
leading to traces of Dirac matrices products. We per-
formed these trace calculations, which involves the prod-
uct of up to eight gamma matrices and the Levi-Civita
symbol using the FeynCalc package [32]. Furthermore,
as our main goal is to consider the behavior of the scat-
tering process in the high energy limit, we set p21,2 =
q21,2 = m
2 = 0. This is possible because the (gvµ) factors
are overall on all terms. In this way, we arrive at the
following expression:
1
4
∑
spins
|Mtotal|2 = e4
(
2(s2 + u2)
t2
+
4u2
st
+
2(t2 + u2)
s2
)
+ A(v, p1,2, q1,2) +B(v, p1,2, q1,2), (7)
with s, t, and u being the Mandelstam variables.
The first term in (7) consists of the usual squared am-
plitude of Bhabha scattering and the second and third
terms are the corrections of second and fourth order in
(gvµ), represented by A(v, p1,2, q1,2) and B(v, p1,2, q1,2)
respectively. The exact form of these corrections are
lengthy and will not be displayed in detail. However,
we notice that the interference terms of odd order cancel
each other.
In order to complete the cross section calculation, we
must adopt a frame of reference to express the kinematic
variables. Bhabha scattering is conventionally analyzed
in the center of mass frame, where the 4-momenta take
the form
p1 = (E, p), q1 = (E,−p), p2 = (E, q),
q2 = (E,−q), s = (2E)2 = E2cm, (8)
with p = Ezˆ, q · zˆ = E cos θ and the expression of the
differential cross section becomes
dσ
dΩcm
=
1
64π2E2cm
.
1
4
∑
spins
|Mtotal|2. (9)
We will consider two possibilities according vµ being
time-like or space-like. For the first case where (vµ =
v0, 0) is time-like , we can simplify (7) and make use of
(9), to obtain
dσ
dΩ cm
=
e4(cos 2θ + 7)2
256π2E2cm(cos θ − 1)2
+
v20g
2e2 sin2 θ
2
(−65 cosθ + 6 cos 2θ + cos 3θ + 122)
256π2(cos θ − 1)2
+
v40g
4E2cm sin
4 θ
2
(−4 cos θ + cos 2θ + 11)
128π2(cos θ − 1)2 , (10)
where the first term is the usual QED differential cross section at lowest order and the second and third terms
3contain the contributions of the LV background. This
result shows that the differential cross section remains
symmetrical with respect to the colliding beams and its
assymptotic angular dependence is qualitatively the same
as the usual, as can be seen in Fig.1. For the second
case of interest, we consider (vµ = 0,v) space-like and
assuming an arbitrary direction. In this way, we can
write the scalar product of vectors as follows:
p · v = Ev cos(θv),
q · v = Ev(sin θ sin θv cos(ϕ− ϕv) + cos θ cos θv)
≡ Ev cos(Ψ), (11)
Thus, after some algebraic simplifications, we get
dσ
dΩ cm
=
e4(cos 2θ + 7)2
256π2E2cm(cos θ − 1)2
+
e2g2v2
256π2(cos θ − 1)2
[
2(32 cos θ + cos 2θ − 49) cos2 θ
2
(
cos2 θv + cos
2Ψ
)
+ 2(61 cos θ − 22 cos 2θ + 3 cos 3θ − 10) cosΨ cos θv
+ sin2 θ(−64 cos θ + 3 cos 2θ + 85)]
+
g4v4E2cm
1024π2(cos θ − 1)2
[−4(8 cos θ + cos 2θ + 7) cos3Ψcos θv+
+ 2 cos2Ψ
(
(12 cos θ + 7 cos 2θ + 29) cos2 θv − 2 sin2 θ(3 cos θ + 7)
)
− 4 cosΨ cos θv
(
(8 cos θ + cos 2θ + 7) cos2 θv − 4 sin2 θ(3 cos θ + 2)
)
+ (4 cos θ + cos 2θ + 11) cos4 θv − 4 sin2 θ(3 cos θ + 7) cos2 θv
+ (4 cos θ + cos 2θ + 11) cos4Ψ+ 8 sin4
θ
2
(24 cos θ + 7 cos 2θ + 25)
]
. (12)
In the above result, we note the dependence of the cross
section with respect to the azimuthal angle ϕ. For the
fixed background v perpendicular to the beam collision
(θv = π/2), this effect is maximal and it is character-
ized by a set of periodic sharp peaks, as illustrated in
Fig.2. For the Compton scattering with the LV term in
the kinetic sector a similar result was reported [26].
To conclude this section, we will determine upper
bounds for the products of the parameters (gvµ) in the
cases evaluated above. Our choice to study Bhabha scat-
tering was motivated, in addition to the questions out-
lined in the introduction, by practical reasons, i.e, the
experimental data on precision tests for this kind of scat-
tering in QED are readily available in Ref. [30]. In the
experiment reported in that paper, the measurements
of the differential cross sections for e+e− → e+e− and
e+e− → γγ scatterings were evaluated at a center-of-
mass energy of 29 GeV and in the polar-angular region
|cos θ| < 0.55. For Bhabha scattering, small deviations
on the magnitude of the QED tree results may be ex-
pressed in the form:∣∣∣∣∣
(
dσ
dΩ
)/(
dσ
dΩ
)
QED
− 1
∣∣∣∣∣ ≈
(
3s
Λ2
)
, (13)
where s = E2cm and Λ is a small parameter represent-
ing possible experimental departures from the theoretical
predictions (see Table XIV of Ref. [30]).
Considering the leading corrections for small (gvµ) in
(10) and (12), we can show that the magnitude of these
corrections are of order g2v2s/e2, and therefore when
compared with (13) may not be larger than 3s/Λ2. Thus,
we obtain the upper bound
(gvµ) ≤ 10−12(eV)−1, (14)
for Λ = 200 GeV.
In the above calculations we provided a way to obtain
bounds to LV from the analyses of the Bhabha scatter-
ing experiment using only QED interactions. The inclu-
sion of QCD effects would improve the value of Λ (conse-
quently the bound) and should allow a better comparison
with the results encountered for atomic clocks or torsion
balances.
III. BHABHA SCATTERING: AXIAL-LIKE
NONMINIMAL COUPLING
We turn our attention now to the nonminimal coupling
of chiral character, defined as
Dµ = ∂µ + ieAµ + ig5γ
5bνF ∗µν , (15)
which was also examined in Refs. [21, 22].
The calculation of the unpolarized cross section may
be worked out similarly as in the previous section. Note
that the expression for iM2 differ from (6) just for the in-
sertion of the γ5 matrix in each matrix element, whereas
4for iM1 we have the mixture of the vertices:
iM1 = eg5b
ν(p1 − p2)θǫµνθρ
(p1 − p2)2
[
u(p2)γ
ρu(p1)v(q1)γ
µγ5v(q2)
−u(p2)γµγ5u(p1)v(q1)γρv(q2)
]
+
eg5b
ν(p1 + q1)
θǫµνθρ
(p1 + q1)2
[
u(p2)γ
ρv(q2)v(q1)γ
µγ5u(p1)
−u(p2)γµγ5v(q2)v(q1)γρu(p1)
]
. (16)
In the high energy limit and the center of mass frame
the differential cross section for the case bµ = (b0, 0) is
given by
dσ
dΩ cm
=
e4(cos 2θ + 7)2
256π2E2cm(cos θ − 1)2
− b
2
0g
2
5e
2 sin4 θ
2
(8 cos θ + cos 2θ + 23)
64π2(cos θ − 1)2
+
b40g
4
5E
2
cm sin
4 θ
2
(−4 cos θ + cos 2θ + 11)
128π2(cos θ − 1)2 .(17)
Similarly to the time-like case evaluated in the previ-
ous section, the above result contains only even terms in
(g5b0). However, the asymptotic behavior is quite dif-
ferent and the leading-order contribution is finite in the
limit θ → 0, as shown by the dotted line in Fig.1.
For the case bµ = (0,b), the differential cross section
becomes
dσ
dΩ cm
=
e4(cos 2θ + 7)2
256π2E2cm(cos θ − 1)2
+
e3g5b sin
2 θ(cos θ + 1)(cos θ5 + cosΨ5)
16π2Ecm(cos θ − 1)2
+
e2g25b
2
512π2(cos θ − 1)2 [8(7 cos θ − 6 cos 2θ + cos 3θ + 14) cosΨ5 cos θ5
+ (− cos θ + 26 cos 2θ + cos 3θ − 90)(cos2 θ5 + cos2Ψ5)
+ 6 sin2 θ(−24 cos θ + cos 2θ + 31)]
+
eg35b
3Ecm sin
2 θ
32π2(cos θ − 1)2
[
3(cos θ − 1) + (cosΨ5 − cos θ5)2
]
(cos θ5 + cosΨ5)
+
g45b
4E2cm
1024π2(cos θ − 1)2
[−4(8 cos θ + cos 2θ + 7) cos3Ψ5 cos θ5
+ 2(12 cos θ + 7 cos 2θ + 29) cos2Ψ5 cos
2 θ5
+ 4 cosΨ5 cos θ5
(
4 sin2 θ(3 cos θ + 2)− (8 cos θ + cos 2θ + 7) cos2 θ5
)
− 2 sin2 θ(3 cos θ + 7) (cos 2θ5 + cos 2Ψ5 + 2)
+ (4 cos θ + cos 2θ + 11) cos4 θ5 + (4 cos θ + cos 2θ + 11) cos
4Ψ5
+ 8 sin4
θ
2
(24 cos θ + 7 cos 2θ + 25)
]
, (18)
where the presence of odd-order corrections in (g5b), ab-
sent in the previous vectorial cases is to be noticed. Fur-
thermore, the effect of anisotropy in the cross-section is
highlighted, as indicated in Fig. 3.
Now, an analyses similar to the previous section al-
lows to set up an upper bound to the breaking param-
eter (g5b
µ). Taking into account the magnitude of the
leading-order corrections for the time-like and space-like
cases given respectively by 4g25b
2
0s/e
2 and 16g5b
√
s/e and
assuming that s = 29 GeV and Λ± = 200 GeV, we find
g5b0 ≤ 10−12(eV)−1 and g5b ≤ 10−14(eV)−1. (19)
IV. CONCLUSION
In this paper, the implications of Lorentz symmetry
breaking on Bhabha scattering have been studied. The
LV background terms were introduced by nonminimal
5couplings between the fermion and gauge fields. We
calculated the differential cross sections for the vector
and axial couplings and determined upper bounds on the
magnitude of the corresponding LV coefficients, by mak-
ing use of accurate experimental data, available in the
literature. In particular, when we consider the vector
backgrounds, vµ, bµ, as being purely spatial, the cross
section acquires a nontrivial dependence on the direction
of these vectors.Finally, we hope that these results may
be usefull as a guide in the investigation of the Lorentz
violation phenomena in high energy scattering processes.
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FIG. 1. Angular dependence of the differential cross section for Bhabha scattering to the time-like Lorentz violation: QED
prediction (solid line), vectorial (dashed line) and axial-like (dotted line) nonminimal couplings.
FIG. 2. Low order correction to the vectorial cross section (space-like case) for different directions of the background vector:
(θv = 0, ϕv = 0) and (θv = pi/2, ϕv = 0), respectively.
FIG. 3. Low order correction to the axial-like cross section (space-like case) for different directions of the background vector:
(θ5 = 0, ϕ5 = 0), (θ5 = pi/2, ϕ5 = 0) and (θ5 = pi, ϕ5 = 0), respectively.
